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Abstract 

Anna Christina Dragon  

Genetic engineered T cells for adoptive T-cell therapy: From CARs to TRUCKs and behind 

A therapeutic approach that gained importance in the last years is the adoptive transfer of chimeric 

antigen receptor (CAR)-engineered T cells achieving impressive anti-tumor effectivity in patients 

with hematological malignancies. One hurdle in CAR-T-cell design is the decision for an 

appropriate tumor target. Post-transplant lymphoproliferative disorder (PTLD) is a severe 

complication after solid organ and stem cell transplantations and most frequently results from the 

uncontrolled expansion of Epstein-Barr virus (EBV)-infected B cells in the immunocompromised 

patients. Since conventional CAR-T cells can only recognize extracellular antigens, the specificity 

of the T-cell-receptor-(TCR)-like monoclonal antibody TÜ165 targeting an Epstein-Barr nuclear 

antigen (EBNA)-3C-derived peptide of the EBV latency type III was used to direct CAR-T cells 

against an intracellular, PTLD-associated target. Such TÜ165 CAR-T cells exhibited specific 

effector functions against EBV peptide+ target cells.  

Most CAR-T-cell products generated to treat other tumor entities than hematological malignancies 

failed to achieve maintained responses due to lacking CAR-T-cell persistence and the formation of 

an immunosuppressive tumor microenvironment (TME) by solid tumors. To approach this, T cells 

redirected for universal cytokine-mediated killing (TRUCKs) were developed, which contain a 

CAR that is constitutively expressed and a nuclear factor of the activated T cells (NFAT)-sensitive, 

inducible cassette encoding for a soluble mediator such as the cytokines interleukin (IL)-12 or IL-

18. Thereby, CAR activation upon target recognition at the tumor site induces the release of the 

mediator in a locally-restricted manner enabling re-modulation of the TME, recruitment and 

activation of other immune cells as well as improvement of the CAR-T-cell function and 

phenotype. Combining the developed TÜ165 CAR with inducible IL-12 expression to generate 

TRUCKs enabled robust target specificity for EBV-infected cells, whereas healthy cells were 

spared, and mediated highly improved functionality regarding improved activation marker 

upregulation, pro-inflammatory cytokine and cytolytic mediator expression, as well as cytotoxicity 

towards EBV peptide+ target cells. The target-specific release of IL-12 further mediated 

recruitment and activation of other immune cells. Thereby, TÜ165 TRUCKs with inducible IL-12 
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may serve as an innovative therapeutic approach enabling the specific elimination of malignant 

cells, while healthy immune cells survive and are attracted to the tumor. 

As a different tumor-associated antigen, GD2 is highly expressed on various solid tumors including 

neuroblastoma. However, GD2-specific CAR-T cells failed to sustain remission in neuroblastoma 

patients in clinical trials due to lack of T-cell persistence indicating incorporation of a cytokine 

expression in the CAR construct could improve the clinical outcome. For this, modular “all-in-

one” vectors were generated that comprise the constitutive expression of a GD2-targeting CAR and 

the NFAT-inducible expression of IL-12 or IL-18, respectively. Both GD2-specific TRUCKs with 

inducible IL-12 and IL-18 facilitated high target specificity and functionality in co-cultures with 

GD2
+ target cells, and further mediated recruitment of other immune cells by the target-induced 

release of the respective cytokine. Up-scaling the manufacturing process, the good manufacturing 

practice (GMP)-compliant generation of TRUCKs for the potential use in future clinical trials, 

exemplary shown for IL-18 TRUCKs targeting GD2, yielded a large amount of highly functional 

cells reflecting all effector functions evaluated in the pre-clinical testing. Since the manufacturing 

of TRUCKs was smooth to implement, this evokes optimism for the feasibility to generate further 

TRUCK products for the potential clinical use. 

Altogether, this brings TRUCK technology as an improvement for current CAR-T-cell approaches 

and especially for innovative strategies to specifically target malignant cells via intracellular 

antigen recognition, one step closer to clinical application. 

 



Zusammenfassung | 3 
   

 
 

Zusammenfassung 

Anna Christina Dragon  

Genetic engineered T cells for adoptive T-cell therapy: From CARs to TRUCKs and behind  

Ein therapeutischer Ansatz, der in den letzten Jahren zunehmend an Bedeutung gewonnen hat, ist 

der adoptive Transfer von CAR-modifizierten T Zellen, der in Patienten mit hämatologischen 

Malignomen eine beeindruckende Antitumor-Effektivität erzielen konnte. Eine Herausforderung 

im Design von CAR-T-Zellen ist die Auswahl eines geeigneten Tumortargets. PTLD ist eine 

Komplikation nach Organ- und Stammzelltransplantationen, die meist aus einer unkontrollierten 

Expansion von EBV-infizierten B-Zellen in den immunsupprimierten Patienten resultiert. Da 

konventionelle CAR-T Zellen nur extrazelluläre Antigene erkennen können, wurde der T-

Zellrezeptor-ähnliche, monoklonale Antikörper TÜ165 gegen ein EBNA-3C-abgeleitetes Peptid 

der EBV-Latenzphase III benutzt, um die Antigenspezifität von CAR-T-Zellen gegen ein 

intrazelluläres, PTLD-assoziiertes Target zu richten. Die so generierten TÜ165 CAR-T Zellen 

entwickelten spezifische Effektorfunktionen gegen EBV-Peptid+ Zielzellen.  

CAR-T-Zellprodukte, die für die Behandlung weiterer Tumorentitäten neben hämatologischen 

Malignomen entwickelt wurden, konnten aufgrund fehlender T-Zellpersistenz und der Ausbildung 

einer immunsuppressiven Tumormikroumgebung (TME) durch solide Tumoren bislang keine 

anhaltende Tumorantwort erwirken. Um dem zu begegnen, wurden TRUCKs entwickelt, die einen 

konstitutiv exprimierten CAR und eine NFAT-sensible, induzierbare Kassette für einen löslichen 

Mediator, wie beispielsweise das Zytokin IL-12 oder IL-18, enthalten. Dadurch induziert die CAR-

Aktivierung nach Zielerkennung am Tumorort die Ausschüttung des jeweiligen Moleküls in einer 

lokal beschränkten Art und Weise, wodurch eine Remodulation der TME, eine Anlockung und 

Aktivierung weiterer Immunzellen, und eine Verbesserung der Funktionalität und des Phänotyps 

der CAR-T-Zellen ermöglicht wird. Die Kombination des entwickelten TÜ165 CARs mit einer 

induzierbaren IL-12-Expression zur Generierung von TRUCKs ermöglichte eine verlässliche 

Spezifität für EBV-infizierte Zellen, wohingegen gesunde Zellen nicht erkannt wurden. TÜ165 

TRUCKs wiesen außerdem im Hinblick auf eine erhöhte Aktivierungsmarkerexpression, die 

Ausschüttung von pro-inflammatorischen Zytokinen und zytotoxischen Mediatoren, sowie 

Zytotoxizität gegenüber EBV-Peptid+ Zielzellen eine stark verbesserte Funktionalität auf. Durch 

die targetspezifische Freisetzung von IL-12 wurde weiterhin die Rekrutierung und Aktivierung 
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weiterer Immunzellen vermittelt. Dadurch haben TÜ165 TRUCKs mit induzierbarem IL-12 das 

Potential als neuer, innovativer Therapieansatz, um die spezifische Eliminierung von malignen 

Zellen zu ermöglichen, während gesunde Immunzellen verschont und mobilisiert werden.  

Als weiteres tumor-assoziiertes Antigen wird GD2 auf vielen soliden Tumoren, wie beispielsweise 

dem Neuroblastom, hoch exprimiert. GD2-spezifische CAR-T-Zellen haben es in klinischen 

Studien jedoch bislang nicht geschafft, in Neuroblastom-Patienten eine langfristige Remission zu 

erhalten. Dies liegt wahrscheinlich an einer mangelnden T-Zell-Persistenz und legt die Vermutung 

nahe, dass das klinische Ergebnis durch das Hinzufügen einer Zytokinexpression in das CAR-

Konstrukt verbessert werden könnte. Dazu wurden modulare „all-in-one“-Vektoren generiert, die 

die konstitutive Expression eines GD2-spezifischen CARs und die NFAT-induzierbare Expression 

von entweder IL-12 oder IL-18 vereinen. Beide GD2-spezifischen TRUCKs mit induzierbarem IL-

12 oder IL-18 wiesen eine hohe Spezifität und Funktionalität in Ko-Kulturen mit GD2
+ Zielzellen 

auf, und vermittelten weiterhin die Rekrutierung von weiteren Immunzellen durch die 

antigeninduzierte Freisetzung des jeweiligen Zytokins. Eine GMP-konforme Herstellung von 

TRUCKs, um diese für die potentielle Anwendung in zukünftigen klinischen Studien auf zu 

skalieren, erreichte am Beispiel von GD2-spezifischen IL-18 TRUCKs eine große Ausbeute an 

hochfunktionellen Zellen, die alle T-Zelleffektorfunktionen widerspiegelten, die in der 

präklinischen Austestung ermittelt wurden. Die problemlose Implementierung der Herstellung von 

TRUCKs stimmt optimistisch, dass es auch möglich ist, weitere TRUCK-Produkte für eine 

potentielle klinische Verwendung zu generieren. 

Zusammenfassend bringt dies die TRUCK-Technologie als Verbesserung für aktuelle CAR-T-

Zellansätze und insbesondere für innovative Strategien zur spezifischen Adressierung von 

malignen Zellen durch intrazelluläre Antigenerkennung, einen Schritt näher zur klinischen 

Anwendung. 



Introduction | 5 
   

 
 

1 Introduction 

1.1 T lymphocytes are part of the adaptive immune system 

T lymphocytes, together with B lymphocytes, form the cellular component of the adaptive immune 

system [1]. In contrast to the first-line, innate immunity, this second part of the immune system 

enables reaction against structural parts of almost all pathogens, tumors or the environment, 

formation of an immunological memory and maintenance of immune homeostasis. T and B 

lymphocytes are capable of recognizing this wide variety of antigens through the expression of 

highly diverse receptors.  

T cells originate from common lymphoid progenitors generated in the bone marrow, which then 

mature in the thymus. Within this maturation, by somatic recombination of large sets of gene 

segments a unique T-cell receptor (TCR) is generated for each T cell resulting in a giant repertoire 

of T cells with different specificities. Positive and negative selection ensures that only T cells with 

TCRs specific for a foreign peptide in context of own human leukocyte antigen (HLA) develop. 

HLA molecules are expressed on almost all cells and their key function is to continuously present 

all cellular peptides towards immune cells. Two major classes, HLA-I and HLA-II, can be 

distinguished, which particularly differ in the cell types on that they are expressed and the origin 

of antigens they present [2]. Depending on the class of HLA molecules their TCRs recognize during 

maturation in the thymus, T lymphocytes express either the co-receptor cluster of differentiation 

(CD)4 binding to HLA-I or CD8 binding to HLA-II and are therewith categorized into two major 

groups [1]. After maturation, T cells are released into the circulation, from where they traffic 

through secondary lymphoid organs (e.g. lymph nodes) for a constant immune surveillance.  

Circulating naïve T cells are activated upon recognition of the appropriate peptide/HLA complex 

by their specific TCR, and the interaction is stabilized by the respective co-receptor binding to 

nonpolymorphic domains of the HLA molecule [1]. Associated to the TCR is the CD3 complex 

comprising γ, δ, ε and ζ chains. These molecules rapidly cluster upon target recognition by the TCR 

and adhesion molecules further mediate a tight connection between the T cell and antigen-

presenting cell, an assembly that is termed as immunological synapse. After receiving further 

signals comprising co-stimulation and cytokine expression, and driven by phosphorylation of CD3 

as well as recruited molecules, several transcription factors including nuclear factor of activated T 

cells (NFAT), nuclear factor κb (NF-κB) and activator protein 1 (AP-1) are expressed and 
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consequently fully activate the T cell. Depending on signals from cytokines and additional 

transcription factors, activated T cells differentiate into effector cells with various functions, such 

as cytotoxicity, helping signals or regulation of immune responses.  

Activated CD8+ T can differentiate into cytotoxic T lymphocytes (CTLs) [1]. These effector cells 

are able to directly kill virus-infected and transformed cells upon recognition of foreign 

intracellular peptides presented in context of HLA-I on the target-cell surface. This recognition 

induces the formation of an immunological synapse, in which CTLs can kill the target cell in a 

rapid process. This includes release of cytotoxic granules with granzyme B or perforin as well as 

expression of Fas ligand, both of which induce apoptosis of the malignant cell.  

 

1.2 Adoptive therapy with genetic engineered T cells 

Exploiting the cytotoxic function of T cells, an adoptive transfer of T cells to patients suffering 

from virus infections or cancer has emerged as therapy option [3]. For that purpose, T cells can be 

administrated at different degrees of previous selection and modification, including donor 

lymphocyte infusions, transfer of virus-specific T cells, tumor-infiltrating lymphocytes, TCR-

engineered T cells or chimeric antigen receptor (CAR)-T cells.  

 

1.2.1 Chimeric Antigen Receptor (CAR)-engineered T cells 

In order to generate T cells with distinct antigen specificity and in sufficient numbers for an 

adoptive transfer, they can be genetically engineered. One strategy is the introduction of a 

recombinant TCR with known anti-virus- or anti-tumor-binding properties. Such TCR-T cells 

already showed promising results in clinical trials: targeting a peptide derived from the cancer-

testis antigen New York esophageal squamous cell carcinoma 1 (NY-ESO-1) in context of HLA-

A*02:01 could reach a response rate above 50% for patients with synovial cell sarcoma, melanoma 

and myeloma [4-6], and more clinical studies are currently performed (reviewed in [7]). However, 

careful evaluation is required for TCR-engineered T cells since introduction of a second TCR bears 

the risk of evolving unexpected specificities upon mispairing with the endogenous TCR or a low 

expression of the introduced TCR caused by competition with the endogenous TCR resulting in a 

decreased functionality [8-10]. Several strategies were developed to address these concerns 
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including disruption or silencing of the endogenous TCR or introduction of the endogenous TCR 

into alternative cells [11].  

Another strategy to genetically modify T cells for defined antigen specificity that gained 

importance in the last years is the equipment with a CAR. CARs are artificial constructs consisting 

of one polypeptide chain that comprises antigen-binding properties of an antibody or natural ligand 

fused to the activating domains of cellular receptors, whereby formation of dimers with the 

endogenous TCR is prevented [12]. Mostly, a single-chain fragment variable (scFv), the 

specificity-determining region of an antibody, forms the antigen-recognition domain of the CAR 

[13, 14] and is able to mediate binding to extracellular antigens of all kinds with a considerably 

higher binding affinity than a TCR [15]. In the first generation of CARs, this scFv is connected to 

a hinge region, a transmembrane domain and the intracellular CD3ζ or Fc receptor γ chain (see 

Figure 1) [12]. Thereby, recognition of the appropriate target by the extracellular antigen-binding 

domain of the CAR results in intracellular activation of T-cell-signaling pathways. Considering 

that physiological T-cell activation and proliferation, additional to signaling by the TCR, requires 

co-stimulation and cytokine expression, further elements can be introduced into the CAR construct. 

Thus, second- and third-generation CARs were designed containing additional one or two signaling 

domains of co-stimulatory molecules such as 4-1BB, CD28 or OX40 and mostly exhibit a superior 

T-cell response and persistence. Fourth generation CAR-T cells, the so-called T cells redirected for 

universal cytokine-mediated killing (TRUCKs), are moreover capable to produce an additional 

effector molecule such as a cytokine [16]. Further strategies for fifth generation CARs incorporate 

the third synergistic T-cell activation signal by insertion of modules for antigen-dependent cytokine 

signaling by Janus kinase/signal transducer and activator of transcription 3/5 (JAK-STAT3/5) in 

the CAR construct [17]. 



Introduction | 8 
   

 
 

 

Figure 1. The structure of CAR constructs. First generation CARs consist of an antigen-binding domain (e.g. an antibody-
derived scFv), a hinge region, a transmembrane domain (e.g. CD28-derived) and a stimulatory domain (e.g. the CD3ζ chain) [12]. 
In second and third generation CARs, one or two additional co-stimulatory domains (e.g. 4-1BB, CD28) are added. Fourth 
generation CARs, also known as TRUCKs, are further endowed with an inducible gene of interest (GOI) that is expressed upon 
signaling after CAR activation. Fifth generation CARs incorporate the IL-2 receptor subunit β (IL-2Rβ) for antigen-dependent 
activation of JAK-STAT3/5 signaling. Adapted from [18]. 

CAR-engineered T cells were shown to exhibit impressive anti-tumor activity in hematological 

malignancies [19-22] prompting the approval for three CD19-targeting CAR-T-cell therapies, 

Kymriah (Novartis Pharma, Basel, Switzerland), Yescarta (Kite Pharma, Los Angeles, USA), and 

Tecartus (Kite Pharma, Los Angeles, USA), for patients with relapsed or refractory B cell precursor 

acute lymphoblastic leukemia (B-ALL), diffuse large B cell lymphoma (DLBCL), primary 

mediastinal large B-cell lymphoma (PMBCL), and mantle cell lymphoma (MCL) from 2017 to 

2020 [23-25].  

For implementation of further CAR-T-cell products into the clinics, manufacturing of the 

engineered cells under good manufacturing practice (GMP) is a critical prerequisite [26, 27]. The 

process starts with collection of peripheral blood mononuclear cells (PBMCs) from the patient, 

which is mostly realized by leukapheresis (see Figure 2). The first step of manufacturing is the 

isolation of T cells from PBMCs. Most often, CD3+ T cells are selected, yet the feasibility of 

isolating subpopulations such as naïve, central memory or stem cell like memory T cells was 

shown, and studies attributed them to have superior functionality [28-30]. The isolated T cells are 

then activated via TCR and co-stimulation (e.g. anti CD3/CD28 beads or nanoparticles) for ex vivo 

expansion and introduction of the CAR [26]. The genetic information for the CAR is, most often, 

transferred into the cell by γ-retroviral or lentiviral vectors to obtain a stable CAR expression. Both 
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of them enable high transfer efficiency. Even though potential danger is minimized by the use of 

replication-incompetent virus, the CAR integration is a random process harboring the risk of 

insertional mutagenesis, and the production of GMP-grade lentiviral vectors is moreover time- and 

cost-intensive. To approach this, alternative shuttle systems using the transposon/transposase 

system and other non-viral strategies are currently under investigation. After the removal of 

residual CAR vector from the culture, expansion of the modified T cells to clinically usable 

numbers is performed. The final cell product is then formulated in the desired infusible media and 

controlled for several parameters including safety, purity, identity and quantity [27]. Together, 

CAR-T-cell manufacturing for clinical use is complex and thereby requires tight control of safety, 

quality and efficacy to ensure a defined and robust production at different manufacturing sites [26]. 

 

Figure 2. Manufacturing of CAR-T cells. Manufacturing of CAR-T cells for the clinical use is realized by performing the 
following steps [26]: leukapheresis of the patient, isolation of T cells, activation of T cells (e.g. by anti-CD3/CD28 beads), 
introduction of the CAR (e.g. via lentiviral vectors), expansion (whereby the beads are removed if CD3/CD28 activation beads are 
used), lymphodepleting chemotherapy of the patient and infusion of CAR-T cells. Adapted from [31]. 
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1.2.2 TRUCKs, the next generation of CAR-T cells 

CAR-T cells have been shown to be highly effective as therapy option for hematological 

malignancies [19-22]. However, in terms of targeting solid tumors, CAR-T-cell functionality and 

success of the treatment are limited [32]. This is, in most cases, due to the ability of solid tumors 

to form a tumor microenvironment (TME) consisting of a diversity of cells and soluble factors. 

The heterogeneity of solid tumors starts with the tumor cells themselves comprising cells with 

several genetic variants of different grades of differentiation, proliferation, vascularity or resistance 

to treatment [33]. Often, as mechanism of immune evasion, tumor cells display an impaired antigen 

processing and presentation, downregulation of surface antigens or insusceptibility towards killing 

mechanisms, which critically limits all kinds of target-specific or antibody-mediated therapies [34]. 

Further, among other cell types, especially immune cells located in the TME are reprogrammed by 

the tumor to acquire tumor-promoting abilities [35]. This process is mediated by the release of 

soluble mediators including regulatory cytokines, such as interleukin (IL)-10 and transforming 

growth factor β (TGF-β) [33], as well as induction of immunosuppressive cells such as regulatory 

T cells (Tregs). Thereby, an immune response towards the tumor is suppressed. Further, cells 

within the TME can even support the tumor. Especially tumor-associated macrophages (TAMs) 

secret growth factors, survival or proangiogenic factors, as well as reactive oxygen species or 

matrix-degrading enzymes to promote processes such as growth, angiogenesis and metastasis of 

the tumor. With this TME, tumors also suppress and hinder permission of lymphocytes including 

administrated adoptive T-cells that could otherwise fight tumor cells [32].  

To overcome these barriers, TRUCKs, the fourth generation of CAR-T cells, were developed, 

which are able to produce an effector molecule in response to signaling of the CAR (see Figure 3) 

[36, 37]. Thereby, they can deliver molecules such as pro-inflammatory cytokines directly to the 

microenvironment of target-expressing cells, the tumor site, in a locally restricted manner [32]. 

This is of special interest, if the desired effector shows side effects upon systemic administration 

limiting the therapeutic dose. The targeted deposition is mediated by the combination of a 

constitutive expression of the CAR and an inducible expression of the recombinant protein in the 

T cell. For this, expression of the molecule is controlled by an NFAT-sensitive promotor that 

initiates transcription upon activation of the TCR/CD3 signaling pathway by CARs. 
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Figure 3. TRUCKs, the next generation of CAR-T cells. In TRUCKs, additionally to the CAR, an inducible GOI is 
introduced that is expressed upon CAR signaling after target-cell recognition [16]. The released mediator (e.g. IL-12) fulfils further 
functions, such as attraction and activation of immune cells (e.g. natural killer (NK) cells, macrophages) that can then also fight 
antigen-negative tumor cells. Adapted from [16]. 

The first molecule that was delivered by that strategy was IL-12 [36, 37]. Physiologically, this 

molecule is mainly produced by dendritic cells (DCs) and phagocytes (monocytes, macrophages 

and neutrophils) that are activated, e.g. in response to bacteria, fungi and intracellular pathogens 

such as viruses [38]. IL-12 mainly acts on natural killer (NK), natural killer T (NKT) and T cells, 

and promotes proliferation, an improved cytotoxic capacity as well as an enhanced production of 

cytotoxic mediators and cytokines (especially interferon-γ; IFN-γ) by these cells. Regarding T 

lymphocytes, IL-12 drives differentiation and improves functionality of type 1 helper T cells (TH1) 

and CTLs, which are both essential for an effective response towards intracellular pathogens and 

tumor cells. The released IFN-γ, among other functions, particularly activates and improves the 

antimicrobial activity of macrophages, enabling a quick and T-cell-independent immune response 

in the first phase of an infection. Further, anti-angiogenesis factors are secreted by IL-12-activated 

cells. Overall, this indicates IL-12 as attractive agent to induce and improve the anti-tumor immune 

response for a potential use in cancer immunotherapy. Indeed, administrated IL-12 could elicit an 

effective antitumor activity in preclinical models. However, it mostly failed to mediate the same 

efficacy in clinical studies due to severe dose-limiting toxicities upon systemic delivery [39]. To 

circumvent this, innovative IL-12 delivery systems and locally-restricted administration routes are 

currently under investigation [40].  
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A persuasive strategy to deliver IL-12 directly to the tumor site and even otherwise not accessible 

metastases by exploiting the migratory abilities of T cells is the usage of TRUCKs [36, 37]. In 

these, CAR signaling upon encounter of the target promotes the inducible expression of IL-12 

leading to an enhanced cytolytic capacity of the engineered T cells, attraction and activation of 

innate immune cells such as NK cells and macrophages, and re-modulation of the 

immunosuppressive TME [32]. With this, TRUCKs with an inducible IL-12 cassette were able to 

eradicate solid tumors with heterogeneous antigen expression in mice models, including 

elimination of antigen-loss tumor variants, a process that was critically dependent on the IL-12-

mediated function of macrophages and activity of the cytokine tumor necrosis factor α (TNF-α) 

[36]. Further, TRUCKs were shown to change the immunosuppressive TME by altering and 

diminishing suppressor cells, which required both, the CAR and inducible IL-12, and additionally 

the presence of immune cells harboring the IL-12 receptor in the host [37]. 

An alternative cytokine that can be delivered by TRUCKs is IL-18. The rationale for the 

development of TRUCKs with this cytokine is that one of the major reasons for CAR-T-cell 

therapy failure in clinical trials is thought to be a reduced functionality and enhanced exhaustion 

of T cells [41]. Non-responding patients display T cells with an elevated expression of inhibitory 

receptors, a decreased expression of pro-inflammatory cytokines as well as an impaired 

proliferative capacity [42]. IL-18 released by TRUCKs was shown to convert T cells into effector 

cells with a pro-inflammatory signature in an early differentiation stage and moreover re-modulate 

the tumor-microenvironment towards an inflammation with increased numbers of activated DCs, 

NK cells and M1 macrophages and lower numbers of immunosuppressive DCs, M2 macrophages 

and Tregs. Thereby, they elicited superior functionality towards large solid tumor lesions in mice 

models when compared to conventional CAR-T cells. In another study, IL-18 secreting CAR-T 

cells were shown to augment proliferation and IFN-γ production in T cells, improve the CD4+ T 

cell mediated helper effect towards CD8+ T cells and thereby markedly enhance the antitumor 

response in mouse models [43]. 

 

1.3 The hurdle to choose an ideal target for CAR-T-cell therapy 

While the physiological TCR repertoire is restricted by the selection process in the thymus that 

excludes all receptors recognizing antigens independent from HLA or self-antigens, CARs can be 
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designed to recognize basically all extracellular molecules on target cells including proteins, 

carbohydrate and glycolipid molecules [44]. With this HLA-independent binding, CAR-T cells are 

able to overcome the immune escape mechanism of tumor cells to downregulate HLA expression, 

but are also limited to the recognition of cell surface antigens representing only a minority of all 

cellular proteins. Moreover, further requirements restrict the choice of a disease-associated target. 

First, the antigen should exhibit a high coverage meaning that it is ideally expressed by all tumor 

cells. Given the heterogeneity of cells in solid tumors, this is, most often, only feasible by targeting 

multiple antigens or involving endogenous immune cells with various specificities. Further, 

specificity for tumor cells is an important determinant for the choice of target molecule. In order 

to prevent side effects, the target should optimally be exclusively expressed on tumor and not be 

present on healthy cells. Since most neoantigens, mutated proteins that are only expressed by tumor 

cells, are intracellular, they cannot be reached by a CAR, which restricts the selection of available 

targets to tumor-associated antigens that are overexpressed on cancer cells but also on healthy cells. 

To overcome resulting “on-target/off-tumor” toxicities when using these antigens, the CAR-T-cell 

dose can be reduced and adjusted to prevent organ damage, although this may also limit the 

effectiveness of the adoptive therapy. Lastly, the target molecule should be stably expressed as its 

downregulation or mutation by tumor cells would cause therapy failure. Thus, the target should 

play an essential role in tumor growth and survival. Taken together, the choice of an appropriate 

CAR target fulfilling as many mentioned attributes as possible is challenging and requires 

compromises and innovative strategies. 

 

1.3.1 A virus-derived peptide as target for Post-Transplant Lymphoproliferative Disorder 

(PTLD) 

1.3.1.1 Development of PTLD 

One of the most severe complications after hematopoietic stem cell (HSCT) and solid organ 

transplantations (SOT) is the post-transplant lymphoproliferative disorder (PTLD) [45]. Although 

there are a few forms of PTLD caused by proliferating T and NK cells, the majority of PTLD cases 

originate from Epstein-Barr virus (EBV)-infected B cells [46]. Uncontrolled expansion of EBV+ B 

cells after transplantations can either occur upon primary infection of EBV-seronegative patients 

through an EBV+ graft or acquisition after transplantation, or by virus reactivation in EBV+ 

patients. The likelihood to develop PTLD varies from 1% to 20% for different transplanted organs 
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with a higher risk for patients with a primary infection early after transplantation and receiving 

intensive immunosuppressive regimen [45, 47]. The three-year overall survival of PTLD patients 

ranges from 49% to 80% [48, 49]. 

EBV is a double-stranded DNA virus and belongs to the class of human gamma herpesviruses. 

More than 90% of all humans are infected with EBV, yet the vast majority does not exhibit clinical 

symptoms [46]. EBV is orally transmitted and, most likely, primarily infects cells of the oral 

mucosal epithelium. In these, the virus enters a lytic phase and induces production of further virions 

resulting in a spread of the infection into the throat. Further, mucosal B cells are infected in this 

stage of infection, in which so-called “growth-transforming” latency genes are expressed [50]. 

These drive proliferation in resting B cells and induce development of B cell blasts that can further 

circulate through the body. Although an effective T-cell response is induced in most 

immunocompetent individuals that diminishes the number of infected B cells, small numbers of 1 

to 50 EBV+ cells per 106 B lymphocytes are able to sustain in the memory B cell compartment by 

entering a regulated latency program [46]. EBV latency is characterized by four phases of 

controlled proliferation and differentiation of infected B cells. While several viral genes including 

Epstein-Barr nuclear antigens (EBNA) 1, 2, 3A, 3B, 3C, LP, latent membrane proteins (LMPs) 1 

and 2A/B, the noncoding Epstein-Barr virus-encoded small RNAs (EBER) and a cluster of viral 

microRNAs, BamH1 rightwards transcripts (BART), are expressed in the first latency phase III, 

the following stages II and I are defined by decreasing viral gene expression ending in latency 

phase 0, in which no viral proteins are expressed. By this and further mechanisms including release 

of a viral IL-10 that results in an immunosuppressive microenvironment, downregulation of peptide 

presentation in context of HLA-I, and a reduced sensitivity towards apoptosis-inducing pathways, 

latently EBV-infected cells are able to evade the immune system and persist lifelong in the host. 

Whereas primary EBV infection in childhood mostly does not show any symptoms, an acquisition 

in adolescence can cause an infectious mononucleosis, which is an acute process that is ended by 

a T-cell mediated immune response [46]. The subsequent latent EBV infection is mostly 

asymptomatic and characterized by an interplay of latently infected B cells that evade immune 

recognition and cells of the immune system that are able to restrict reactivation of viral lytic cycles 

and proliferation of EBV-infected cells. In this immune surveillance, especially CD8+ T cells 

specific for the lytic proteins BamHI Z/R fragment leftward open reading frame 1 (BZLF1 and 

BRLF1), but also for latent proteins, play an important role. Moreover, CD4+ T cells are able to 
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react upon recognition of presented viral peptides and NK cells can sense a potential HLA-I 

downregulation. 

This finely tuned balance, however, is interfered upon delayed immune reconstitution or 

immunosuppressive treatment after HSCT or SOT [51]. Resulting reduced numbers or an impaired 

function of EBV-specific T cells can enable proliferation of transformed EBV+ B cells and the 

development of PTLD, whereby cells display an expression pattern similar to EBV latency phase 

III. The important role of T-cell immunity in EBV immune surveillance is further shown by similar 

EBV+ B cell lymphoproliferations that are described for patients with AIDS or primary 

immunodeficiencies and elder persons [46]. 

 

1.3.1.2 The T-cell-receptor-like monoclonal antibody TÜ165 

Treatment options for PTLD include a reduction of immunosuppression and/or chemotherapy as 

well as depletion of B cells, all of which display varying response rates and side effects [52-54]. 

Considering the important role of T cells in controlling proliferation of EBV-infected B cells in 

healthy individuals, a highly specific approach is the adoptive transfer of EBV-specific T cells 

selected or expanded from EBV+ donors [54]. These cells were shown to expand after infusion into 

PTLD patients, lyse EBV-infected lymphoma cells and persist for several years [54-57]. However, 

for this approach, the availability of at least partially HLA-matched T-cell donors with a high 

frequency of EBV-specific T cells is required. 

A strategy to confer specificity of T cells to recognize cells that are infected with an intracellular 

pathogen is the introduction of a CAR that is based on the scFv of a so-called TCR-like monoclonal 

antibody (mAb). Analog to TCRs, these mAbs specifically recognize complexes of a defined 

peptide in the HLA context [58]. Considering B cell physiology, such TCR-like mAbs only rarely 

occur naturally, but can be generated utilizing hybridoma [59] and phage display technologies [58]. 

Their usage in immunotherapy is under investigation as it was shown that tumor and virus-infected 

cells can be recognized by TCR-like mAbs with a high specificity [60-66] and usually higher 

affinities than TCRs with the same target [67]. Using the migratory and memory-forming abilities 

of T cells and avoiding repeated administration of the antibody, CAR-T cells with scFvs of TCR-

like mAbs as antigen-binding domain were developed and their efficiency in combating tumors 

cells based on the presentation of associated peptides in complex with an HLA molecule was 

demonstrated [68-70]. 
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In 1993, Uchanska-Ziegler et al. [71] described one of the earliest TCR-like mAb against a human 

epitope. Using hybridoma technology, the group discovered the mAb TÜ165 recognizing an EBV-

infected B-cell line, but the binding was abolished upon deletion of HLA-B*35 from the cell line 

or usage of HLA-B*35-positive cells that were not infected with EBV. They concluded that TÜ165 

has a TCR-like binding specificity and recognizes a peptide/HLA complex composed of an EBV-

encoded or -controlled peptide and HLA-B*35 as epitope. Later, it was found that TÜ165 

recognizes the EBV-peptide LPPHDITPY derived from EBNA-3C and some structurally similar 

synthetic peptides when they are bound to HLA-B*35:01 [72]. 

 

1.3.2 The disialoganglioside GD2 as tumor-associated antigen 

GD2 is a disialoganglioside, which is a glycosphingolipid with two sialic acid residuals [73]. Such 

molecules are located within microdomains in the plasma membrane and detectable on the cell 

surface. GD2 has restricted expression on neuronal cells of the CNS, peripheral nerves, skin 

melanocytes, and mesenchymal stroma cells. The exact biological function of GD2 is not fully 

understood, but being expressed on immature cells during embryogenesis, it contributes to 

processes such as cell adhesion and signal transduction [74]. Due to their neuroectodermal origin, 

GD2 is abundantly expressed on neuroblastoma and melanoma cells; additionally, GD2 is expressed 

in childhood tumors, such as retinoblastoma, diffuse intrinsic pons glioma, Ewing sarcoma, 

osteosarcoma, rhabdomyosarcoma, and desmoplastic small round cell tumors, as well as in adult 

breast and small cell lung cancer (reviewed in [73]). In tumor cells, GD2 was shown to play an 

essential role in proliferation, invasion and motility of tumor cells, and to have a beneficial effect 

on immunosuppressive cells of the TME contributing to tumor immune evasion [75]. With its high 

coverage on several cancer entities, higher expression on tumor than on healthy cells, and expected 

stable expression due to the essential role in tumor survival, GD2 is an attractive target for 

immunotherapy.  

Neuroblastoma is one of the most common solid tumors of childhood with a long-term survival of 

below 50% for high-risk patients despite aggressive therapy options and approved 

immunotherapeutic approaches [76]. Due to the high expression and coverage of GD2 on 

neuroblastoma cells, GD2-targeting therapies were first evaluated in this tumor entity. Additional 

to GD2-specific antibodies, one of which is approved for the treatment of high-risk neuroblastoma 

patients [77], GD2-specific CARs based on the monoclonal antibody 14.G2a [78] showed 
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encouraging in vitro functionality [79] and were tested in clinical trials (reviewed in [73]). 

Although these trials showed safety of the engineered T-cell product without neurotoxic 

impairments due to “on-target/off-tumor” toxicity and even revealed impressive tumor lysing 

capabilities after administration, they failed to persist and act in the long-term to sustain remission 

[80]. 

In other tumor entities, such as Ewing sarcoma, an aggressive solid tumor of mesenchymal origin 

with a poor outcome, GD2 is only heterogeneously expressed among tumor cells in individual 

Ewing sarcomas [81]. However, a strategy to upregulate GD2 expression on all tumor cells by 

administration of an epigenetic agent is currently under investigation [82]. 
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2 Project Aims 

The adoptive transfer of CAR-T cells showed an impressive anti-tumor response in patients with 

hematological malignancies [19-22]. However, generation of similarly effective CAR-T-cell 

products targeting other tumor entities remains challenging. Particularly solid tumors often form 

an immunosuppressive TME, in which the release of suppressive soluble mediators as well as 

redirection of cells to acquire tumor-promoting and immune-regulatory properties inhibits an anti-

tumor response by immune cells including adoptively transferred CAR-T cells [33]. To approach 

this, TRUCKs were developed, which, additionally to the constitutively expressed CAR, contain 

an inducible cassette for a soluble mediator such as a cytokine that is only expressed upon CAR 

activation following target recognition at the tumor site [36, 37].  

The choice of ideal tumor targets for CAR-T cells and TRUCKs is challenging, because they should 

exhibit a high coverage on all malignant cells, distinct specificity for the tumor and stability of 

expression despite potential selection pressure [44]. An EBNA-3C-derived peptide of the EBV 

latency type III gene expression program persuasively fulfils the majority of requirements because 

of its tight affiliation with EBV-associated PTLD and lacking presentation on healthy cells [46]. 

Using the TCR-like mAb TÜ165 recognizing this peptide in context of HLA-B*35 [71] to confer 

antigen specificity to a CAR would facilitate targeting of an intracellular antigen, despite a CAR’s 

inherent restriction to only recognize surface molecules [44]. Development of TRUCKs with a 

TÜ165-based CAR and an inducible IL-12 expression would further suggest an innovative 

approach to not only spare healthy cells but moreover mobilize additional immune cells to control 

PTLD (research article 1). 

GD2 is an antigen that is highly expressed on various solid tumors including neuroblastoma [73], 

which is one of the most common solid tumors for children and bears a poor outcome for high-risk 

patients [76]. In clinical trials, GD2-specific CAR-T cells failed to sustain remission in 

neuroblastoma patients because the administrated cells did not persist [80]. This could be 

approached by applying the TRUCK technology. Originally, TRUCKs were generated by co-

transduction of two vectors encoding for the CAR and the inducible cytokine, respectively, which 

bears an increased risk for insertional mutagenesis and requires an enhanced production of GMP-

grade viral vector [26]. To approach that, the second aim was to test, if GD2-specific TRUCKs with 

inducible cytokine expression exhibit target specificity and functionality when they are generated 

by transduction with a modular, “all-in-one” vector comprising the constitutive expression of a 
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GD2-targeting CAR and the NFAT-inducible expression of IL-12 or IL-18 in a single lentiviral 

vector (research article 2).  

The third aim was to assess the feasibility to manufacture functional TRUCKs in a clinical scale 

and under GMP-compliant conditions by using the closed and automated CliniMACS Prodigy® 

(Miltenyi Biotec), whereby TRUCKs targeting GD2 with inducible IL-18 expression encoded in an 

“all-in-one” vector were used as proof-of-concept. Functional comparison of these cells with 

TRUCKs generated in the laboratory scale, as well as assessing the feasibility of cryopreservation 

of the manufactured TRUCKs, would reveal, if clinical-scale production of TRUCKs is easy to 

implement for a potential future use in clinical studies (research article 3). 

  



Research Articles | 20 
   

 
 

3 Research Articles 

3.1 CAR-T cells and TRUCKs that recognize an EBNA-3C-derived epitope 

presented on HLA-B*35 control Epstein-Barr virus-associated 

lymphoproliferation 
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3.2 Design and Characterization of an “All-in-One” Lentiviral Vector System 
Combining Constitutive Anti-GD2 CAR Expression and Inducible 

Cytokines 
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experiments of both TRUCKs with target cells for the assessment of activation marker expression, 
cytokine release and cytotoxicity (Fig. 4, 5, 6A, S3, S4, Table 1, S2), as well as analysis of the in 
vitro migration assays (Fig. 6B-D). She participated in development of the study concept, wrote 
parts of the manuscript, and reviewed and edited the whole manuscript. 
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4 Results and Discussion 

An adoptive transfer of T cells into patients suffering from virus infections or cancer has emerged 

as therapy option [3], whereby introduction of a CAR, an artificial molecule comprising antigen 

binding and signaling domains, enables redirection towards defined target specificity [12]. 

Although CAR-T cells exhibited impressive anti-tumor activity in patients with hematological 

malignancies [19-22], treatment of solid tumors mostly failed due to heterogeneous antigen 

expression and formation of an immunosuppressive TME by tumor cells [32]. Within the TME, 

soluble mediators and redirected immune cells suppress an anti-tumor immune response [33]. To 

approach this, TRUCKs, the fourth generation of CAR-T cells, were developed, which contain a 

CAR that is constitutively expressed and an NFAT-sensitive, inducible cassette for a soluble 

mediator [36, 37]. Thereby, CAR activation upon target recognition at the tumor site induces the 

release of the molecule in a locally-restricted manner, which enables re-modulation of the TME, 

recruitment and activation of other immune cells as well as improvement of the CAR-T cell 

function and phenotype [32]. 

 

4.1 A virus peptide as CAR target provides high specificity and coverage 

One of the key determinants for the success of a CAR-T cell product is the choice of antigen 

targeted by the CAR, for which several requirements are posed. The target antigen should ideally 

have a high coverage being expressed on the surface of all tumor cells, high specificity, meaning 

not being expressed by healthy cells, and high expression stability to prevent antigen escape [44]. 

Since only surface molecules, which cover a small proportion of all cellular components, can be 

recognized by a CAR, and most known tumor-associated antigens overexpressed by tumor cells 

can also be found on healthy cells, ideal target antigens are difficult to find. The usage of a TCR-

like mAb to confer antigen specificity of the CAR widens the spectrum of potential target antigens, 

as they specifically bind to a distinct peptide of extra- or intracellular origin when presented in 

context of an HLA molecule, and such CARs were shown to efficiently target tumor cells in in vivo 

models for melanoma [68, 69], leukemia and ovarian cancer [70]. 

In this study [83], the mAb TÜ165 recognizing the EBNA-3C-derived peptide LPPHDITPY in 

context of HLA-B*35 was used to confer antigen specificity of CAR-T cells towards EBV-
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associated PTLD cells. PTLD is a severe complication in patients that underwent HSCT or SOT 

[45]. The majority of PTLD cases results from an uncontrolled expansion of EBV-infected B cells 

upon primary infection or virus reactivation after transplantation [46]. Although EBV enters a 

latency program with several strategies to evade immune destruction enabling livelong persistence 

of the virus in the host, immune cells of healthy individuals are able to restrict reactivation of viral 

lytic cycles and subsequent spreading of EBV, a finely tuned balanced that is interfered upon 

delayed immune reconstitution or immunosuppressive regimen applied to prevent organ rejection 

after transplantation [51]. Considering 1% to 20% of transplant patients are affected displaying a 

three-year overall survival of 49% to 80% [45, 47-49], and current treatment options are unspecific 

resulting in varying response rates and severe adverse effects [52-54], the need of novel treatment 

options for PTLD is high. For this, the mAb TÜ165 provides a great specificity for PTLD cells 

based on their origination from EBV-infected B cells of the latency type III gene expression 

program [51] and thus spares healthy B cells.  

Binding of the mAb TÜ165 to K562 cells expressing HLA-B*35:01 (K562-B*35) loaded with the 

LPPHDITPY peptide and equally loaded HLA-B*35-positive PBMCs was shown in this study 

[83], whereas respective cells that were unloaded or loaded with other peptides were not, or only 

at very high loading concentrations unlikely to be reached under physiological conditions, 

recognized. Moreover, TÜ165 bound to B-lymphoblastoid cell lines (B-LCLs) of HLA-B*35+ 

donors, which were generated by infection of B cells with the EBV strain B95.8 resulting in an 

EBV latency type III expression profile similar to malignant EBV-associated PTLD cells [54]. Not 

only the here utilized laboratory EBV strain, but also the natural strains HKNPC1 (GenBank no. 

JQ009376.2), C666-1 (GenBank no. AB828190.1), and M81 (GenBank no. KF373730.1) 

incorporate the genetic information of the LPPHDITPY peptide indicating conservation of this 

motif and consequent stability of expression, as well as an almost complete coverage of the TÜ165 

target on all malignant PTLD cells. Thereby, the target antigen addressed by the mAb TÜ165 is 

mostly ideal. One drawback, however, is HLA-dependency of the TCR-like mAb restricting the 

proportion of potentially treatable patients to HLA-B*35+ individuals accounting 12.4% to 30.5% 

of the population depending on the geographic regions when analyzing all available data with a 

sample size of more than 1000 [84]. From these, TÜ165, until now, was only described to bind the 

HLA-B*35:01 subtype [72], which could be confirmed here. However, further recognition of B-

LCLs with the HLA-B*35:03 subtype was detected in our study and prediction results from the 

NetMHCpan server revealed that all occurring HLA-B*35 alleles should bind the EBNA-3C-
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derived peptide with 31/39 analyzed subtypes being classified as even strong binders [85]. The 

ability of TÜ165 to bind to these complexes of EBV peptide with other HLA-B*35 subtypes needs 

to be clarified in further studies. Furthermore, extension of this proof-of-concept to target 

additional HLA types would be desirable, for which other described TCR-like mAbs recognizing 

EBV-derived peptides in context of HLA-A*02:01 [65, 66] could be used. The HLA frequency 

analysis revealed a prevalence of 31.3 % to 58.1% for HLA-A*02 in different regions [86] 

increasing the proportion of potentially treatable patients and more TCR-like mAbs with various 

specificities for the usage in CARs can be generated applying hybridoma and phage display 

technologies [58, 59].  

Currently, two main strategies dominate the field of engineered T cells: modification of effector T 

cells with either a recombinant TCR or a CAR. One major concern in the generation of TCR-T 

cells is the occurrence of unexpected specificities upon mispairing of the introduced TCR chains 

with either the endogenous TCR α or β chain potentially resulting in the formation of dangerous 

self-reactive TCR-T cells [8-10]. Further, competition with the endogenous TCR may result in low 

expression of the introduced TCR leading to a decreased T-cell functionality, since it correlates 

with TCR expression levels on the cell surface. This provoked the development of several strategies 

to enhance expression of the introduced TCR including disruption or silencing of the endogenous 

TCR or introducing the TCR into alternative cells (reviewed in [11]). Using a TCR-like mAb to 

confer antigen specificity for a CAR combines advantages of both strategies, since intracellular 

peptides can be targeted, while formation of dimers with the endogenous TCR is prevented. 

Furthermore, in this study [83], no naturally occurring TCRs targeting LPPHDITPY in HLA-B*35 

context could be found, which can indicate missing immunodominance of the epitope, undetectably 

low respective T-cell frequencies or deletion of specific T cells by tolerance mechanisms and, 

importantly, prevents the generation of TCR-T cells for this epitope. 

The generated TÜ165-based CAR-T cells showed a high proportion of central memory T cells 

(TCM), the T-cell subset that was shown to exhibit superior functionality in vivo accompanied by 

long-term persistence and occupancy of memory T-cell niches [28, 87]. CARs with a 4-1BB co-

stimulation domain as utilized in TÜ165 CAR-T cells also elsewhere predominantly drove a TCM 

phenotype with an enhanced respiratory capacity in in vitro cultures as opposed to CAR-T cells 

with a CD28-based co-stimulatory domain, which mainly differentiated into TEM [88]. Moreover, 

confirming the observed phenotypes in this study, the utilized cytokines IL-7 and IL-15 were also 

shown to promote a TSCM and TCM differentiation from naïve T cells during cultivation in other 
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studies [89-92]. Further, the manufactured T cells exhibited a favorable phenotype with low 

expression of programmed cell death protein 1 (PD-1) indicating that they were not exhausted by 

the amplification process. 

Such generated TÜ165 CAR-T cells exhibited high specificity for the EBNA-3C-derived 

peptide/HLA-B*35 complex in a peptide-concentration-dependent manner in a reporter assay with 

EBV-peptide-loaded K562-B*35 as target cells. K562-B*35 that were unloaded or loaded with 

different EBV- or cytomegalovirus (CMV)-derived peptides were not recognized by TÜ165 CAR-

T cells. Other researchers developing TCR-like CAR-T cells faced the problem that a high-affinity 

TCR-like mAb targeting Wilms tumor suppressor gene 1 (WT1) peptide/HLA-A*02 complexes 

lost specificity when used to provide antigen specificity of CAR-T cells resulting in the unspecific 

elimination of HLA-A*02-positive, but WT1 peptide-negative cells [93]. However, low-affinity 

TCR-like CAR-Ts with an affinity in the range of a TCR did not exhibit loss of specificity and 

elicited potent cytotoxicity, which is thought to be facilitated by sequential engagement of 

peptide/HLA complexes needed for complete T-cell activation [69, 93]. The mAb TÜ165 is an 

immunoglobulin M (IgM) antibody with ten sites for antigen binding, suggesting that the single 

site present in the TÜ165 CAR may feature a markedly reduced avidity resulting in a weak binding, 

which, equally to the aforementioned study, maintains specificity and functionality. This was 

confirmed by upregulation of the activation markers CD137, CD25 and CD69, release of IFN-γ 

and the cytotoxic mediators perforin and granzyme B, as well as cluster-formation of primary 

TÜ165 CAR-T cells upon encounter with LPPHDITPY-loaded K562-B*35 or autologous B-LCLs, 

whereas the respective control target cells, unloaded K562-B*35 and uninfected PBMCs, did not 

induce any response in this study [83]. However, these effector functions were rather mild, 

especially when compared to CARs targeting CD19, which can be explained by the dependency of 

CAR-T-cell functionality on target expression levels [94], and the comparably lower expression 

levels of distinct peptide/HLA complexes when compared to surface molecules such as CD19. In 

the next step, in vivo functionality of TÜ165 CAR-Ts should be evaluated, exemplary by using 

immune-competent mice engrafted with B-LCLs, which were previously described for testing of a 

TCR-like mAb with EBV specificity [65]. 
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4.2 Peptide-specific TRUCKs exhibit highly improved functionality 

To further improve the effector functions of TÜ165 CAR-T cells and potentially enable recruitment 

and activation of other immune cells that are otherwise suppressed and in low numbers in 

immunocompromised PTLD patients, TÜ165-based TRUCKs with inducible enhanced green 

fluorescent protein (EGFP) reporter or IL-12 expression were generated in this study [83]. Equally 

to TÜ165 CAR-T cells, they displayed a phenotype with low expression of PD-1 and a high 

frequency of the TCM subtype after expansion. Assessment of these markers after co-cultivation 

with target cells would be interesting, since TRUCKs with inducible IL-12, in contrast to TRUCKs 

with IL-18, showed an exhausted phenotype upon antigen encounter in another study that was 

characterized by the enhanced expression levels of T-box expressed in T cells (T-bet) and Forkhead 

box protein O1 (FoxO1) [42]. 

Opposed to that, the here generated TÜ165 TRUCKs with inducible IL-12 exhibited potent 

functionality towards specific target cells in vitro that was markedly improved when compared to 

TÜ165 CAR-Ts including a higher extent of activation marker CD25 upregulation, as well as 

release of IL-2, IFN-γ and TNF-α. This confirms previous observations that various T cells with 

IL-12 expression including virus-specific T cells, CAR-T cells or TCR-T cells modified to express 

IL-12 in an inducible or constitutive manner secreted more IFN-γ and/or TNF-α, which is also one 

of the major physiological functions of IL-12 [38], compared to their counterparts without IL-12 

[36, 37, 42, 95-97]. TNF-α was critically important for IL-12-TRUCK-mediated elimination of 

solid tumors with heterogeneous antigen expression by involvement of macrophages in an 

immune-competent mouse model [36], and both, IFN-γ and TNF-α, were shown to mediate 

resistance to immunosuppressive factors often released by EBV+ Hodgkin’s disease [95]. Further, 

TÜ165 TRUCKs with inducible IL-12 not only released elevated amounts of the cytolytic 

mediators perforin and granzyme B, but further had the tendency of increased cytotoxicity and 

potently eliminated autologous B-LCLs as PTLD model. This is contradictory to IL-12 TRUCKs 

with other specificities exhibiting comparable cytotoxicity [36, 96], as well as CD107a and 

granzyme B expression [96] to their respective T-cell counterparts without IL-12 expression. 

However, one major difference is that CARs targeting carcinoembryonic antigen (CEA) as well as 

TCRs specific for a melanoma antigen used for the generation of the aforementioned T cells with 

inducible IL-12 already showed high effector functions in CAR- or TCR-T cells without IL-12. 

Thus, the explanation might be that the mild cytotoxicity of weakly-binding CAR-T cells can be 

improved by incorporation of an inducible IL-12 cassette, whereas more potent CAR-T cells do 
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not profit from the addition in such a large extent. Considering the fact that TCR-like CAR-T cells 

with a low affinity were shown to maintain target specificity but react rather mildly [69, 93], an 

addition of inducible IL-12 may serve as new strategy to ensure safety as well as enable effective 

functionality of these cells at the same time. If this strategy is applicable for more weakly-binding 

TCR-like CAR-T cells would be of major interest for further studies. 

TÜ165 CAR-T cells specifically enhanced the expression of NFAT upon target encounter as shown 

in a reporter assay in this study [83]. Thus, the NFAT-sensitive promoter in TÜ165 TRUCKs 

allowed for the target-specific expression of a GOI, which was demonstrated by an increased EGFP 

reporter expression and elevated IL-12 secretion after co-cultivation of TÜ165 TRUCKs 

incorporating inducible EGFP and IL-12, respectively, with LPPHDITPY/HLA-B*35+ target cells. 

The released IL-12 induced after target-recognition by TÜ165 IL-12-TRUCKs was capable to 

effectively recruit a monocyte and NK cell line and, moreover, improved the functionality of 

addressed NK-92 cells, since they displayed an increased killing capacity and augmented IFN-γ 

expression. This confirms the physiologic function of IL-12, which is, amongst other effects, acting 

on NK cells and promoting their effector function [38] and suggests that the release of cytokines 

may also lead to a beneficial modulation of the TME by attraction of supportive immune cells 

including macrophages as it was shown for other TRUCKs [36, 37, 42]. This should be confirmed 

in clinically relevant in vivo models with immune-competent mice. The attraction and activation 

of further immune cells including NK, NKT and endogenous T cells is of major interest in this 

context, since IL-12 is described to promote their proliferation, cytotoxic capacity, as well as 

production of cytotoxic mediators and cytokines, and further drives differentiation of TH1 and 

CTLs [38]. Especially the beneficial effect of TÜ165 TRUCKs on NK-92 cells should be evaluated 

for endogenous NK cells in the mouse model, because importance of these cells in the control of 

latently EBV-infected cells was shown, since NK cell immunodeficiencies predispose for EBV-

associated diseases [98], a distinct NK cell population was found that was able to restrict EBV-

mediated B-cell transformation [99], and one NK cell subset could even mediate cytotoxicity 

against B-LCLs accompanied by IFN-γ production and CD107a mobilization [100]. In PTLD, T 

cells and especially NK cells show an exhausted phenotype with enhanced PD-1 expression [101], 

indicating the potential TME re-modulation could restore the endogenous immune response 

towards PTLD cells.  

Furthermore, in immune-competent mouse models, release of immunosuppressive mediators by 

tumor cells and their impact on the transferred cells can be studied, as TCR-T cells with constitutive 
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IL-12 expression were able to resist TGF-β released by EBV+ Hodgkin’s disease [95]. One 

additional focus of future in vivo testing of TÜ165 TRUCKs should be IL-12 driven toxicities, 

since TRUCKs with inducible IL-12 were reported as being safe [36, 37, 42, 96], but one study 

observed severe IL-12-driven toxicity due to non-specific release of the cytokine and resulting 

highly increased systemic IFN-γ and TNF-α levels [97], although the here measured IL-12-

background levels were markedly lower compared to the aforementioned study. 

 

4.3 Functionality of GD2-targeting TRUCKs for the treatment of solid tumors 

An additional tumor entity, for which CAR-T cells were developed [79], is neuroblastoma, one of 

the most common solid tumors for children showing a long-term survival below 50% for high-risk 

patients despite availability of aggressive therapy options [76]. These include immunotherapeutic 

approaches applying antibodies targeting the disialoganglioside GD2. This antigen is expressed at 

low levels on neuronal cells of the CNS, peripheral nerves, mesenchymal stroma cells, and skin 

melanocytes, but abundantly presented on tumor cells of neuroblastoma, melanoma and several 

more childhood and adult cancer entities (reviewed in [73]). Administration of ch14.18, a chimeric 

antibody based on the mAb 14G2a targeting GD2, was shown to increase the event-free survival 

from a median of 46% for neuroblastoma patients treated with standard therapy to 66% when 

applied in combination with IL-2 and granulocyte-macrophage colony-stimulating factor (GM-

CSF) [102] leading to its approval by the European Medicines Agency (EMA; Qarziba; EUSA 

Pharma B.V., Amsterdam, Netherlands) [103]. However, repetitive administration with extended 

infusion times is required for this antibody [76]. Although another antibody with shorter infusion 

times is currently being investigated for approval [104, 105], an immunotherapeutic approach using 

CAR-T cells would circumvent the need for sequential administration and potentially provide 

lifelong protection. However, CARs based on the mAb 14.G2a, although exhibiting impressive 

short-term tumor lysing capabilities, largely failed to sustain long-term remission in clinical trials 

[80].  

To approach this, TRUCKs based on the GD2-targeting CAR with inducible cytokine expression 

were developed in this study [106]. In initial studies, TRUCKs were generated by co-transduction 

of two viral vectors into the same cell conferring the genetic information for the CAR and the 

inducible cytokine, respectively [36, 37]. However, compared to the manufacturing of conventional 
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CARs, which was shown to be feasible and safe leading to the approval of three CAR-T-cell 

products [19-22], this bears an increased risk for insertional mutagenesis since two instead of one 

integration events are required [26]. Further, generation of viral vectors is laborious and cost-

intensive – especially when it is performed under GMP-grade conditions that are needed for clinical 

manufacturing. To increase safety and simplify the manufacturing process, an “all-in-one”-vector 

was designed [106]. The vector combined expression of a CAR targeting GD2 driven by a 

constitutive, human phosphoglycerate kinase (hPGK) promoter and an inducible expression for 

human IL-12 or IL-18 in one lentiviral self-inactivating (SIN) vector and was further optimized for 

a high induction capacity and yielding clinically applicable viral titers. Besides self-inactivating 

properties, an enhanced safety is achieved by the usage of a lentiviral vector since the most common 

alternative, γ-retroviral vectors, were shown to have a higher risk for mutational oncogenesis due 

to their preferential insertion in cancer-associated genes [107]. Moreover, there was no evidence 

of vector-mediated adverse events in lentiviral therapies as shown by a long-term follow-up study 

evaluating more than 200 infusion events [108].  

The GD2 CAR specifically induced the expression of NFAT after encounter with GD2-expressing 

target cells (HT1080-GD2 and SH-SY5Y) in a reporter assay in this study [106]. Exploiting this and 

combining the GD2 CAR with an NFAT-sensitive expression cassette enabled specific expression 

of a GOI, such as the reporter gene EGFP or the cytokines IL-12 or IL-18, upon co-culture with 

GD2
+ target cells, whereas the expression was on a marginal baseline level in T cells cultivated 

alone or in a co-culture with a cell line lacking GD2. 

Primary T cells transduced with these TRUCK vectors exhibited cytotoxicity towards GD2
+ target 

cells in a range that was similar to GD2 CAR-T cells without inducible cytokine expression, which 

was also observed for other IL-12-engineered T cells [36, 42]. Further, a strong induction of the 

expression of the activation markers CD25 and CD69 on CD3+ and CD137 on CD8+ T cells, as 

well as a slight induction of CD154 on CD4+ T cells upon specific target contact was even more 

pronounced than for GD2 CAR-T cells. In line, the pro-inflammatory cytokines TNF-α, IFN-γ, IL-

2 and the cytotoxic mediators perforin and granzyme B were released in a target-dependent manner 

by TRUCKs, whereby GD2 TRUCKs with inducible IL-12 secreted markedly higher amounts than 

TRUCKs with inducible IL-18 and GD2 CAR-T cells. Only perforin was released to a similar extent 

by both TRUCKs, but also more than by CAR-T cells. Thereby, the designed TRUCKs were shown 

to be functional, maintain target specificity of the GD2 CAR, and even display a slightly improved 

activation response, and, in case of IL-12 TRUCKs, a markedly augmented cytokine release 
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towards GD2
+ target cells. This confirms observations made for the TÜ165 TRUCK with inducible 

IL-12 [83] and other IL-12-engineered T cells showing an elevated IFN-γ and TNF-α release [36, 

37, 42, 95-97]. In contrast to here, a study with TCR-T cells targeting a melanoma-associated 

peptide combined with inducible IL-12 expression did not reveal an increased production of the 

cytotoxic mediators CD107a and granzyme B by the IL-12-modified cells [96], and TÜ165 

TRUCKs with inducible IL-12 exhibited an increased release of both markers and even an 

improved cytotoxicity [83] compared to their counterpart without IL-12 release. This indicates that 

these effects are, most likely, dependent on the examined combination of tumor target and 

specificity as well as affinity of the effector cells. TCR-T cells and CAR-T cells with different 

specificities and constitutive or inducible IL-18 expression, analogously to those with IL-12 

expression, were shown to exhibit an increased release of IFN-γ, IL-2 and/or improved 

proliferation upon specific target recognition [42, 43, 97, 109], but did not exhibit an enhanced 

cytotoxicity [42, 109], confirming the results of this study.  

In this study [106], specifically after recognition of GD2
+ target cells, the respective TRUCKs 

induced the release of IL-12 or IL-18 leading to an increased recruitment of a monocyte cell line 

in an in vitro migration assay, whereby IL-12 TRUCKs exhibited a higher recruitment potential 

when compared to IL-18 TRUCKs. Equally to TÜ165 TRUCKs with inducible IL-12 [83], 

modulatory effects on the TME should be evaluated in further in vivo models using immune-

competent mice (see chapter 4.2). Since another TRUCK with inducible IL-12 expression even 

mediated eradication of antigen-negative tumor cells in a mouse model by this recruitment in vivo 

[36], efficacy of the GD2 TRUCKs to target heterogeneous tumor lesions as they are exemplary 

described for Ewing sarcoma expressing variable amounts of GD2 among the cells in individual 

tumors [81], would be interesting to study.  

Chmielewski and Abken [42] directly compared TRUCKs targeting CEA in context of pancreatic 

cancer with either inducible IL-12 or IL-18 release. Both TRUCKs revealed an improved target-

dependent IFN-γ release and proliferation in comparison to conventional CEA CAR-T cells, 

whereby IL-12 TRUCKs were more potent. However, antigen encounter induced the expression of 

both T-bet and FoxO1 revealing an exhausted phenotype in IL-12 TRUCKs, whereas IL-18 

TRUCKs upregulated T-bet but downregulated FoxO1 expression, which indicates an activated 

and pro-inflammatory phenotype. With this, both TRUCKs were able to control pancreatic tumor 

cells in an immune-competent mouse model, enhanced the presence of protective NK cells and 

reduced the numbers of immunosuppressive cells at the tumor site, whereby IL-18 TRUCKs were 
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more effective. In another study comparing TCR-engineered T cells with inducible IL-12 and IL-

18, both cells enhanced the release of IFN-γ compared to the TCR-T-cell counterpart, whereby T 

cells with inducible IL-12 reacted stronger [97]. However, transfer of TCR-T cells with inducible 

IL-12 caused severe IL-12-driven toxicity and reduced persistence of the therapeutic T cells in 

melanoma-bearing mice. Thus, since lacking persistence and exhaustion of CAR-T cells targeting 

GD2 is thought to be a major reasons for their failure in the treatment of neuroblastoma patients 

[80], combination of the CAR with an inducible IL-18 expression driving the T cells towards a 

more inflammatory and less exhausted phenotype seems to be a promising approach to overcome 

reappearance of the tumor.  

 

4.4 Feasibility of GMP-compliant manufacturing of TRUCKs 

Once developed in an academic center, manufacturing of promising CAR-T-cell candidates needs 

to be transferred, scaled up, optimized and validated to perform large global clinical trials for the 

approval as clinical therapy. As an example, tisagenlecleucel (Kymriah; Novartis Pharma, Basel, 

Switzerland), the first approved CAR-T-cell product in the United States and the European Union, 

underwent accurate optimization of the manufacturing process upon transfer from university to 

large-scale trials and the commercial use [27]. Thereby, the process was improved regarding 

compliance and robustness to ensure reproducibility and allow for global distribution. This 

included the GMP-compliant production of the lentiviral CAR vector that was refined to reduce 

variability, as well as to maximize quantity and transduction efficiency [110].  

Since the pre-clinical evaluation of the tested TRUCKs was promising [83, 106], the feasibility of 

up-scaling manufacturing of TRUCKs under GMP-compliant conditions was tested in this study 

[111], whereby the developed “all-in-one” vector meeting several requirements including an 

enhanced safety, yield and transfer efficiency was applied [106]. Here, previous extensive in vitro 

characterization of the lentiviral vector [106] and experience in the development and validation of 

CAR-T-cell manufacturing for clinical trials [112] were used to implement generation of TRUCKs 

into an automated and closed process. In order to yield high cell numbers for the use in patients, 

different systems of bioreactors providing an improved gas exchange and culture mixing properties 

were used for the generation of CAR-T cells [110]. In contrast to other utilized bioreactors, such 

as the WAVE Bioreactor (GE Healthcare Life Sciences) or the G-Rex (Wilson Wolf), the 
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CliniMACS Prodigy® (Miltenyi Biotec) not only allows for an improved expansion of T cells, but 

accomplishes all steps of T-cell preparation, enrichment, activation, transduction, washing steps, 

cultivation, media exchanges, final formulation and sampling in a single device [89]. Further, the 

system is closed and fully automated, thereby minimizing the risk for contamination, cell loss and 

errors in hands-on steps, and providing an opportunity for reproducible and robust cell processing 

independent of the manufacturing site.  

By using the CliniMACS Prodigy® and a protocol for T-cell transduction (TCT) that was 

established for the automated generation of CAR-T cells [90], and whose feasibility to yield an end 

product sufficient for the use in clinical studies was shown [90, 91, 112-116], GD2-targeting 

TRUCKs with inducible IL-18 were generated [111]. With this protocol, CD4+ and CD8+ cells 

were enriched from a leukapheresis product, since blast counts as well as cells, such as monocytes, 

known to hinder CAR-T-cell expansion were shown to be decreased by this selection [91]. After a 

total expansion of 12 days, the final yield was 4.7 x 109 transduced white blood cells resulting from 

an expansion rate of 67.2-fold and a transduction efficiency of 74.9%, which, exemplary, would 

allow administration of a dose of 5.9 x 107 engineered cells/kg to a recipient weighing 80 kg. Since 

transferred CAR-T-cell doses in clinical studies range from 1 x 104 to 1 x 1010 cells/kg [117] and, 

most likely, dose adjustments will be required for the more potent TRUCKs, this yield would, even 

in adults, enable a multi-dose application. The transduction efficiency and final yield was markedly 

higher when compared to other studies using the CliniMACS Prodigy® [90, 91, 112-116]. Further, 

the TRUCK vector copy number (VCN), which is considered as relevant risk factor for vector-

mediated oncogenesis in a EMA reflection paper (EMA/CAT/190186/2012), was assessed to be 

2.6 copies/cell lying below limit of 5 copies/cell recommended by the US Food and Drug 

Administration (FDA) [118]. Further manufacturing runs using leukapheresis products obtained 

from cancer patients would reveal how dependent the acquired expansion and transduction 

parameters are on the starting material, although another study showed that manufacturing from 

healthy and lymphoma or melanoma patient cells yielded final products that were comparable in 

their composition, phenotype and functionality [90]. 

In this study [111], the manufactured IL-18 TRUCKs targeting GD2 exhibited a favorable 

phenotype of mainly stem-cell memory T cells (TSCM) and TCM indicating an early differentiation 

stage. Additional to the described superior functionality of TCM (see chapter 4.1), TSCM were shown 

to mediate a robust immune response in the long-term after adoptive transfer of even low cell 

numbers [119, 120]. This, analogously to the TÜ165 TRUCKs with inducible IL-12 [83], can be 
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attributed to the presence of a 4-1BB co-stimulatory domain in the CAR construct and the usage 

of IL-7 and IL-15 for the expansion of TRUCKs in this study (see Chapter 4.1).  

The here manufactured IL-18 TRUCKs targeting GD2 exhibited strong upregulation of CD25 and 

CD69, activation markers expressed on all CD3+ T cells, CD137 on CD8+ and CD154 on CD4+ T 

cells upon specific recognition of GD2-expressing target cells but not cells lacking GD2 indicating 

specificity and reactiveness of both T-cell groups [111]. Moreover, in the same specific manner, 

the release of several pro-inflammatory cytokines, such as IL-2, IFN-γ and TNF-α, as well as the 

cytotoxic mediators granzyme B and perforin was enhanced. Cytotoxicity of the modified cells 

was highly efficient and specific as shown by a reduced amount of GD2
+ target cells upon co-

cultivation with IL-18 TRUCKs targeting GD2 in several assays including flow cytometry, real-life 

impedance measurements and microscopy. Commercial CAR-T cells are cryopreserved after 

generation allowing for centralized manufacturing, storage of the manufactured cell product and 

flexibility in the timing of administration [121]. All parameters for T-cell functionality assessed in 

this study [111] were not impeded by cryopreservation indicating feasibility of this approach for 

potential clinical use in future. A retrospective study evaluating the effect of cryopreservation in 

six clinical trials confirmed that, although they exhibited an increased expression of markers for 

apoptosis and dysfunction, CAR-T cells that were frozen and thawed showed the same in vivo 

persistence and responsiveness as compared to fresh cells [121]. The clinical-scale manufactured 

IL-18 TRUCKs targeting GD2 moreover released IL-18 in a strictly target-dependent manner 

leading to the recruitment of a monocyte and NK cell line in vitro, which confirms the results from 

the laboratory-scale study [106] and, in addition, suggests that different endogenous immune cells 

could be recruited and affected in the tumor microenvironment of solid tumors.  

In direct comparison, automatically-manufactured TRUCKs exhibited equal or even improved 

functionality as compared to TRUCKs generated in the laboratory scale showing the utilized 

manufacturing protocol on the CliniMACS Prodigy® yields a highly functional T cell product that 

reproduces functionality conducted in intensive pre-clinical studies. Others also observed 

comparable parameters between clinical- and laboratory-scale-manufactured CAR-T cells when 

utilizing the CliniMACS Prodigy®, although the target-induced release of the cytokines IFN-γ, 

TNF-α and IL-2 was slightly reduced for automatically compared to manually generated CAR-T 

cells targeting CD19 [89]. This evokes optimism that also the transfer of other CAR-T-cell or 

TRUCK products from research to clinically sufficient scales is easy to implement while 

maintaining functionality parameters assessed in intensive pre-clinical testing. 
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By using GD2-targeting TRUCKs with inducible IL-18 as a proof-of-concept in this study [111], 

the feasibility to manufacture TRUCKs under GMP-compliant conditions was shown, suggesting 

validation of this process including a stringent quality control process might be the last remaining 

step to enter clinical testing. Since the utilized manufacturing protocol was designed and validated 

for the generation of several CAR-T cells [90, 91, 112-116] and, here, the possibility to smoothly 

transfer the gained experience to the persuasive manufacturing of next generation CAR-T-cell 

products was demonstrated, the ways may be paved for future clinical trials with various TRUCKs 

and related products with additional cell sources and targets.  
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5 Conclusion and Outlook 

Although an adoptive transfer of CD19-specific CAR-T cells mediated anti-tumor efficacy in 

patients with different hematological diseases [19-22], the choice of further targets for CAR-T cell 

tumor therapies mediating differentiation between malignant and healthy cells remains challenging 

[44]. As approach for the treatment of PTLD, a CAR with specificity of the TCR-like mAb TÜ165 

targeting an EBNA-3C-derived peptide of the EBV latency type III gene expression was developed 

in this study [83]. Thereby, targeting of an intracellular antigen was enabled, despite a CAR’s 

inherent restriction to only recognize surface molecules [44].  

Current CAR-T-cell approaches for the treatment of solid tumors mostly fail to achieve maintained 

responses, since these tumors are able to form an immunosuppressive TME restricting CAR-T-cell 

function [32, 33]. TRUCKs were developed to re-modulate the TME [36, 37], whereby TRUCKs 

with inducible IL-12 were especially shown to diminish suppressor cells [37] and recruit other 

immune cells enabling to eradicate solid tumors with heterogeneous antigen expression [36] and 

TRUCKs with inducible IL-18 expression converted T cells into potent, pro-inflammatory and 

enduring effector cells [42]. Combination of the TÜ165 CAR with an inducible IL-12 expression 

for the generation of TRUCKs directed the modified cells against an intracellular target with high 

coverage and specificity for EBV-infected B cells, whereby a low avidity of the TÜ165 CAR 

enabled to maintain target specificity and the inducible cytokine mediated an effective and highly 

improved functionality. The target-induced IL-12 moreover lead to the recruitment and activation 

of further immune cells in vitro, including NK cells that were shown to be involved in the control 

of EBV-infected cells [98-100], but not functional in context of PTLD [101]. Thereby, TÜ165 

TRUCKs with inducible IL-12 may serve as an innovative therapeutic approach, enabling the 

specific elimination of malignant cells, while healthy immune cells are spared and recruited.  

To approach the problem of lacking persistence of GD2 CAR-T cells and subsequent tumor 

reappearance in clinical studies with neuroblastoma patients [80], GD2-specific TRUCKs with 

inducible cytokine expression were generated here [106]. Usage of modular “all-in-one” lentiviral 

vectors combining GD2-specific CAR with inducible IL-12 or IL-18 expression to simplify 

manufacturing allowed for the generation TRUCKs with maintained target specificity and even 

improved effector functions compared to GD2-specific CAR-T cells. 
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For all generated CAR-T cells and TRUCKs, further in vivo testing in clinically relevant, immune-

competent mice models is required to confirm the observed target specificity and functionality. 

Although an adoptive transfer of EBNA-3C-peptide-specific T cells should be safe due to the 

restricted target expression on EBV-infected cells, especially for GD2-specific TRUCKs, the 

occurrence of possible “on-target/off-tumor” effects should be one focus of the study, since GD2 is 

an antigen with high expression on several tumors [73], but in low densities also present on healthy 

cells. Yet, clinical studies with GD2-specific CAR-T cells did not reveal such toxicities [80]. 

Another important focus is to study the effect of the target-induced cytokine. One aspect would be 

the evaluation of systemic toxicity due to baseline cytokine expression without CAR activation, 

which is of major interest for IL-12, since another study reported toxicity in mice models [97]. On 

the other hand, re-modulation of the TME as well as recruiting and activation of other immune 

cells should be studied, since IL-12, which was e.g. released by TÜ165 TRUCKs, was shown to 

induce cytokines mediating resistance to immunosuppressive factors often released by EBV+ 

tumors [95]. The recruitment of immune cells would be also interesting to evaluate for GD2-specific 

TRUCKs, as GD2 is heterogeneously expressed on some tumors (e.g. Ewing sarcoma) [73] and 

attracted and activated immune cells were shown to enable elimination of target-negative tumor 

variants [36]. Lastly, GD2-specific TRUCKs with inducible IL-12 or IL-18 could be compared in 

an appropriate in vivo model, whereby especially long-term functionality and persistence of the 

modified cells should be assessed, as these were shown to be particularly improved for TRUCKs 

with inducible IL-18 [42].  

Finally, GMP-compliant manufacturing of functional TRUCKs with a great proportion of 

transduced cells and high yields in an automated and closed system was found to be feasible in this 

study [111]. By using IL-18 TRUCKs targeting GD2 as an example, a smooth transfer to clinical-

scale manufacturing was shown to maintain functionality gained in pre-clinical testing, which 

evokes optimism for the research and development of more TRUCK-related cell products. Thus, 

the next step is the validation of the applied manufacturing process with implemented quality 

control for microbiological, endotoxin and mycoplasma testing, which is one of the last remaining 

points required to enter early clinical studies. With this, TRUCK technology is brought one step 

closer to clinical application. 
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7 Appendix 

7.1 List of abbreviations 

AP-1   activator protein 1 

B-ALL   B cell precursor acute lymphoblastic leukemia  

BART   BamH1 rightwards transcript 

B-LCL   B-lymphoblastoid cell line 

BRLF1  BamHI R fragment leftward open reading frame 1 

BZLF1   BamHI Z fragment leftward open reading frame 1 

CAR   chimeric antigen receptor 

CD   cluster of differentiation 

CEA   carcinoembryonic antigen 

CMV   cytomegalovirus 

CTL   cytotoxic T lymphocyte 

DC   dendritic cell 

DLBCL   diffuse large B cell lymphoma 

EBER   Epstein-Barr virus-encoded small RNA 

EBNA    Epstein-Barr nuclear antigen 

EBV   Epstein-Barr virus 

EGFP   enhanced green fluorescent protein 

EMA   European Medicines Agency 

FDA   Food and Drug Administration 

FoxO1   Forkhead box protein O1 

GM-CSF  granulocyte-macrophage colony-stimulating factor 

GMP   good manufacturing practice 

GOI   gene of interest 

HLA   human leukocyte antigen 

hPGK   human phosphoglycerate kinase 

HSCT   hematopoietic stem cell transplantation 

IFN-γ    interferon-γ  

IgM   immunoglobulin M 

IL   interleukin 
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IL-2Rβ   IL-2 receptor subunit β 

JAK    Janus kinase 

LMP   latent membrane protein 

mAb   monoclonal antibody 

MCL   mantle cell lymphoma 

NFAT   nuclear factor of activated T cells 

NF-κB   nuclear factor κb 

NK cell  natural killer cell 

NKT cell  natural killer T cell 

NY-ESO-1  New York esophageal squamous cell carcinoma 1 

PBMC   peripheral blood mononuclear cell 

PD-1   programmed cell death protein 1 

PMBCL  primary mediastinal large B-cell lymphoma 

PTLD   post-transplant lymphoproliferative disorder 

scFv   single-chain fragment variable 

SIN   self-inactivating 

SOT   solid organ transplantation 

STAT3/5  signal transducer and activator of transcription 3/5 

TAM   tumor-associated macrophage 

T-bet   T-box expressed in T cells 

TCR   T cell receptor 

TCT   T cell transduction 

TGF-β    transforming growth factor β 

TME   tumor microenvironment 

TNF-α   tumor necrosis factor α 

Treg    regulatory T cell 

TRUCK  T cells redirected for universal cytokine-mediated killing 

VCN   vector copy number 

WT1   Wilms tumor suppressor gene 1 
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